Seven non-insulin-dependent diabetes mellitus (NIDDM) patients participated in three clamp studies performed with 13-3HIand [U-14CIglucose and indirect calorimetry: study I, euglycemic (5.2±0.1 mM) insulin (269±39 pM) clamp; study II, hyperglycemic (14.9±1.2 mM) insulin (259±19 pM) clamp; study III, euglycemic (5.5±0.3 mM) hyperinsulinemic (1650±529 pM) clamp. Seven control subjects received a euglycemic (5.1±0.2 mM) insulin (258±24 pM) clamp. Glycolysis and glucose oxidation were quantitated from the rate of appearance of 3H20 and '4CO2; glycogen synthesis was calculated as the difference between body glucose disposal and glycolysis. In study I, glucose uptake was decreased by 54% in NIDDM vs. controls. Glycolysis, glycogen synthesis, and glucose oxidation were reduced in NIDDM patients (P < 0.05-0.001). Nonoxidative glycolysis and lipid oxidation were higher. In studies II and III, glucose uptake in NIDDM was equal to controls (40.7±2.1 and 40.7±1.7 gmol/min * kg fat-free mass, respectively). In study II, glycolysis, but not glucose oxidation, was normal (P < 0.01 vs. controls). Nonoxidative glycolysis remained higher (P < 0.05). Glycogen deposition increased (P < 0.05 vs. study I), and lipid oxidation remained higher (P < 0.01). In study III, hyperinsulinemia normalized glycogen formation, glycolysis, and lipid oxidation but did not normalize the elevated nonoxidative glycolysis or the decreased glucose oxidation. Lipid oxidation and glycolysis (r = -0.65; P < 0.01), and glucose oxidation (r = -0.75; P < 0.01) were inversely correlated. In conclusion, in NIDDM: (a) insulin resistance involves glycolysis, glycogen synthesis, and glucose oxidation; (b) hyperglycemia and hyperinsulinemia can normalize total body glucose uptake; (c) marked hyperinsulinemia normalizes glycogen synthesis and total flux through glycolysis, but does not restore a normal distribution between oxidation and nonoxidative glycolysis; (d) hyperglycemia cannot overcome the defects in glucose oxidation and nonoxidative glycolysis; (e) lipid oxidation is elevated and is suppressed only with hyperinsulinemia. (J. Clin. Invest. 1993. 91:484-494.) 
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Insulin resistance represents a clinical condition in which the ability of insulin to normally promote glucose metabolism is impaired. In type 2 (non-insulin-dependent) diabetes mellitus (NIDDM),' numerous studies have demonstrated the presence of insulin resistance (1) (2) (3) (4) . Nonetheless, the cellular defect(s) responsible for the alteration in insulin action has (have) yet to be identified. Insulin-mediated glucose utilization occurs via the sequential and coordinated activation of several membrane and intracellular steps, including insulin binding to a specific membrane receptor, generation of a second messenger for insulin action, stimulation ofglucose transport and glucose phosphorylation, and enzymatic regulation of intracellular glucose metabolism. Most evidence does not support a defect in insulin receptor number or affinity (5, 6) ; in contrast, many studies have documented a variety ofpostbinding defects in insulin action (3, 4, 7, 8) . In an attempt to evaluate the integrity ofthe intracellular pathways ofglucose metabolism in NIDDM, investigators have employed indirect calorimetry in combination with the glucose clamp technique (9) . Glucose oxidation, as measured by indirect calorimetry, has been shown to be reduced in NIDDM patients (10, 11) . The difference between the rate of total body glucose disposal and glucose oxidation under insulin-stimulated conditions represents nonoxidative glucose metabolism, which has been shown to correlate closely with the rate of glycogen formation in the whole body (12, 13) . In NIDDM, nonoxidative glucose metabolism is markedly reduced compared to normal individuals (11, 14) . However, it should be recognized that these measurements represent an oversimplification of the multiple intracellular pathways involved in intracellular glucose metabolism and their specific enzymatic control. Specifically, indirect calorimetry measures the net balance of three different metabolic fluxes that occur simultaneously at the whole-body level: glucose oxidation (positive), glucose conversion to lipids (positive), and amino acid conversion to glucose (negative). Moreover, nonoxidative glucose disposal represents the sum of glycogen formation and anaerobic glycolysis and these cannot be distinguished by employing indirect calorimetry in combination with the isotopic measurement ofwhole-body glucose disposal. To provide a more precise characterization of the intracellular steps involved in glucose utilization, we have employed a double-tracer technique that enables us to dissect out the specific contributions of total glycolysis, nonoxidative glycolysis, glucose oxidation, and glycogen synthesis to the insulin resistance observed in NIDDM. Although presently available data suggest the presence ofan impairment in intracellular glucose metabolism, the possibility that reduced oxidative and nonoxidative glucose metabolism simply may be secondary to a reduced rate of glucose transport into a cell remains to be elucidated. Both hyperglycemia and hyperinsulinemia can increase glucose utilization and normalize total body glucose flux in NIDDM subjects ( 15, 16) . It has been suggested that elevation in the plasma concentrations of glucose and insulin may play a compensatory role in maintaining adequate glucose uptake in the presence of insulin resistance ( 15, 16) . More recently, Baron and his co-workers have extensively analyzed the metabolic effect ofvarious combinations ofplasma insulin and glucose concentrations on whole-body glucose disposal ( 17, 18) . Nevertheless, it remains unknown whether the normalization ofglucose uptake by hyperglycemia and/or hyperinsulinemia can correct the defects in intracellular glucose metabolism in NIDDM. If so, it can be argued that the defect in insulin action resides at a step prior to the activation of the key intracellular enzymes involved in glucose metabolism. In the present study, we have investigated some of the intracellular pathways involved in glucose metabolism before and after the rate of whole-body glucose metabolism in NIDDM patients was matched with controls either by elevating the plasma glucose or insulin concentrations.
Methods

Subjects
Seven patients with onset of NIDDM after the age of 40 yr and seven control subjects participated in the present study. Control subjects had a normal oral glucose tolerance test and no family history of NIDDM. The clinical and laboratory characteristics of the study population are given in Table I . The duration ofdiabetes was 10±3 yr. Fasting plasma glucose was 10.1± 1.3 mM (mean±SEM), indicating moderately poor glycemic control. Five patients were treated with sulfonylureas and two with diet alone. Sulfonylurea treatment was stopped 3 d before each study; in no subject was this associated with a change in fasting plasma glucose concentration. None ofthe diabetic or control subjects had any clinical or laboratory evidence of hepatic, renal, or other endocrine disease. No subjects were taking any medication. The purpose, nature, and potential risks of the study were explained to all subjects, and 
Insulin clamp studies
All studies were performed at 0800 h after a 10-1 2-h overnight fast. A 20-gauge Teflon catheter was inserted into an antecubital vein for the infusion of all test substances. A second catheter was inserted retrogradely into a wrist vein for blood sampling. The cannula was kept patent with a slow infusion of normal saline (NaCl 0.9%). The hand was then inserted into a heated box (650C) to allow arterialization of the venous blood. 40-60 min were allowed for the subjects to get acquainted with the environmental setup. After collection of basal blood samples, an insulin (Humulin R, Eli Lilly & Co., Indianapolis, IN) infusion was started and maintained for the following 240 min. During the insulin infusion period, the plasma glucose concentration was measured at 5-10-min intervals and a variable infusion of a 20% glucose solution was periodically adjusted to maintain the plasma glucose concentration at the desired goal (see Table II ) as previously described (20) . Control subjects participated only in the euglycemic clamp as described above; the NIDDM patients were studied on three different occasions: Study 1. A 240-min euglycemic insulin (269±39 pM) clamp was performed as described in the control group. After starting the insulin infusion plasma glucose was allowed to drop to a euglycemic level (5.2±0.1 mM; coefficient of variation [CV] = 2.8±0.7%) that was maintained until completion of the study. In all patients euglycemia was attained within 90-125 min. Study 2. In this study, the total body glucose utilization rate of NIDDM patients was matched to that observed in control subjects by increasing the plasma glucose concentration (mean 14.9±1.2 mM). At the start of the insulin infusion a glucose infusion was begun at a rate similar to that in control subjects during the last hour ofthe euglycemic insulin (259±19 pM) clamp. The plasma glucose concentration reached a new plateau after 60-95 min, and remained constant at this level until the end of the study (CV = 2.8±0.6%). Study 3. In this study, the total body glucose disposal rate of NIDDM was matched to that observed in control subjects by raising the plasma insulin level. After beginning the insulin infusion, the plasma glucose concentration was allowed to drop until euglycemia (5.5±0.3 mM; CV = 4.5±0.7%) was attained. Euglycemia was then maintained by means of a glucose infusion rate similar to that in control subjects during the last hour of the euglycemic hyperinsulinemic ( 1,650±529 pM) clamp and by fine adjustment of the insulin infusion rate (20) . Both insulin and glucose infusions remained constant during the last 120 min of the study. The steady-state plasma glucose and insulin concentrations during each clamp protocol are displayed in Fig. 1 . Arterialized blood samples were obtained at 5-10-min intervals during the insulin infusion to monitor the plasma glucose concentration and adjust the exogenous glucose infusion rate according to a negative feedback principle (20) . Arterialized blood samples for the determination of plasma glucose specific activity and free fatty acid (FFA), lactate and insulin concentrations were collected at 10-min intervals during the last hour of the clamp study.
Respiratory exchange measurements
During the last hour of all studies, continuous indirect calorimetry (Deltatrac, Sensormedics, Anaheim, CA) with a canopy system was employed to measure rates of 02 consumption and CO2 production. Protein oxidation was calculated from the rate of non-protein urinary nitrogen excretion measured before and during the clamp studies (21) . Net rates ofcarbohydrate and lipid oxidation were calculated from the non-protein respiratory quotient as previously described (21) . Expired air samples were collected at 10-min intervals during the last 60 min of the insulin/glucose clamp studies and bubbled through a CO2 trapping solution (hyamine hydroxide/absolute ethanol/0.1% phenolphtalein; 3:5: 1). The solution was titrated with IN HCO to trap 1 mM C02 per 3 ml of solution. 1 ml of the saturated solution was added to 5 ml of scintillation liquid and '4C radioactivity was measured using a 13-scintillation counter (Beckman Instruments, Inc., Fullerton, CA) and expired CO2 specific activity was calculated.
Calculations
Glucose disposal rate and hepatic glucose production (HGP). Glucose turnover rate was calculated by dividing the tracer infusion rate (dpm/ min) by the steady-state plasma glucose specific activity (dpm/,mol) (22) . To calculate the actual rate of cellular glucose uptake by all tissues ofthe body, the rate ofglucose disappearance (calculated from the 3-[3H]-glucose turnover data) was corrected for any urinary glucose loss and any change in the glucose pool (22). Both of these corrections were < 0.6 Mmol/min * kg FFM in all subjects. Residual HGP during the clamp studies was calculated by subtracting the rate ofexogenously infused glucose from the rate ofappearance of 3-[3H]glucose turnover rate.
Plasma glucose oxidation. Oxidation of plasma glucose during [4C] -glucose infusion was calculated from the specific activity of expired CO2 in air samples obtained at 10-min intervals during the last 60 min ofthe clamp studies. Total '4CO2 expired per min was determined by multiplying '4CO2 specific activity by the total CO2 production rate measured by indirect calorimetry (see above), assuming 81% recovery of '4CO2 from the bicarbonate pool (23) . During the last hour of each study a steady-state plateau for 14C02 production occurred ( Fig. 1 ). Under this condition the rate ofplasma glucose oxidation can be calculated from the 14CO2 production rate (dpm/min) divided by the steady state plasma ['4CIglucose specific activity (dpm/.smol).
Glycolytic flux. During the glycolytic process, essentially all of tritium in the C-3 position of the glucose molecule is lost in water at the triose-isomerase step. Generation of [3H ]glycerol from 3-[3H]glucose is negligible (22). Although some tritiated water also may be formed during the fructose-6-phosphate cycle and/or pentose phosphate cycling, these pathways account for only a small percentage (< 1-2%) of total glucose turnover (24) . The production rate of 3H20 was calculated from the increment per unit time in plasma tritiated water radioactivity (dpm/mlmin) multiplied by the total body water content, which was individually measured in all subjects. The increment in the rate of plasma 3H20 appearance rate in plasma water was linear in all studies. The rate oftotal body glycolysis (Mmol/min) was calculated by dividing the 3H20 production rate (dpm/min) by the plasma [3HJglucose specific activity (dpm/hsmol). The difference between total glucose disposal rate and the glycolytic flux provides an estimate ofthe rate of glycogen synthesis. Validation of this approach has been provided recently in animals (25) and humans (Bonadonna, R. C., et al., manuscript submitted for publication). In animals, Rossetti et al. (25) have shown a very high degree of concordance between the rate of muscle glycogen deposition, as measured by the direct incorporation of [3H Iglucose, and the value calculated from the difference between the rate oftotal body glucose disappearance and the rate oftotal glycolysis.
Total body water (TBW). On a separate day, all subjects received an intravenous bolus of 3H20 (50 MCi) for the estimation of total body water. Blood samples were taken after 120, 150, and 180 min for determination of plasma 3H20 radioactivity. In the calculation of plasma 3H20 specific activity, plasma water was assumed to represent 93% of total plasma volume. FFM was calculated by dividing total body water by 0.71 (19) .
Analytical procedures
Arterialized venous blood samples were used for the determination of substrate and hormone concentrations and plasma specific activities.
Immediately after collection, all samples were placed on ice, centrifuged at 4°C, and the plasma frozen at -20°C until determinations were performed. Plasma insulin concentration was determined by ra- dioimmunoassay technique (26) . During the clamp studies, plasma glucose concentration was measured at bedside every 5-10 min by a Glucose Analyzer II (Beckman Instruments, Inc.). Plasma concentrations of FFA (27) and lactate (28) refractive index detector (Differential Refractometer 410, Waters Associates) and glucose concentration was calculated from a standard curve. The accuracy of the calibration curve was checked daily by injecting in the HPLC system an aliquot of the glucose standard utilized to calibrate the Beckman Glucose Analyzer II. Therefore, in the same plasma sample it was possible to measure radioactivity of [3H]and [ '4C]glucose and the glucose concentration for calculation oftheir specific activities. An aliquot of the infusate also was processed as described above to determine the tracer purity and to calculate the tracer infusion rate. In no case was there any evidence for the presence ofany radioactive species other than glucose either in the infusate or in the plasma samples. These results exclude any underestimation ofthe rates of glucose turnover from the accumulation in plasma of a nonglucose radioactive substance contained in the labeled glucose infusate (30) . Consistent with this, we did not observe any negative number for HGP in any experimental condition (see results). For determination of 3H20 specific activity, 300-Ml plasma aliquots were pipetted into -ml tubes which were placed inside a 20-ml scintillation vial which contained 2 ml of distilled water. The vials were tightly capped and 3H20 water equilibration was allowed to occur by overnight heating (50'C). After removal of the inner tube, 18 NIDDM -BASAL STUDY scintillation liquid was added into the vials and 3H20 radioactivity was determined in an automatic scintillation counter. 50 Ml ofthe injected dose of 3H20 that was used for the determination of total body water were added to 250 Al of unlabeled water and processed as described above for calculation of the recovery factor.
Calculations and statistical analysis
All data represent the mean±SEM values over the last hour of each study. Statistical analysis was performed by Student's t test and analysis of variance with repeated measures over time.
Results
Whole-body glucose disposal (Table III) ,umol/min * kg FFM, a value that was similar to that observed in control individuals (P = NS). When euglycemia (5.5±0.3 mM) was maintained and the plasma insulin concentration was increased to 1,650±529 pM, total body glucose uptake rose to a value (40.7+±1.7 ,mol/min * kg FFM), which was similar to the rate of glucose disposal in the normal individuals (P =NS). HGP (Table III ). In control subjects during insulin infusion, while maintaining euglycemia, HGP was 3.7±1.5 Mmol/ minkg FFM, a value that was slightly, but not significantly, lower than in NIDDM patients (6.6±1.6 MAmol/min * kg FFM) studied under similar conditions. In NIDDM individuals, the superimposition of hyperglycemia (study 2) on the moderate hyperinsulinemia ofstudy 1 did not cause a greater suppression of HGP (6.7±1.1 Amol/min * kg FFM). In study 3, a fivefold increase in plasma insulin concentration reduced HGP to 1.6±0.8 ,mol/min kg FFM, a value that was significantly lower (P < 0.01 ) than obtained in control individuals.
Whole-body glycolysis (Table III) . The insulin resistance in NIDDM patients (study 1 ) was associated with a 35% reduction in the rate of plasma glucose through the glycolytic path-way ( 13.9±1.5 vs. 21.6±2.3 ,mol/minkg FFM; P < 0.02). Normalization of total body glucose uptake by hyperglycemia (study 2) caused an increase in the glycolytic flux to a value ( 19.7±2.0 ,mol/minkg FFM; P < 0.01 vs. study 1 ) that was not significantly different than observed in control subjects. Hyperinsulinemia (study 3) also normalized the glycolytic flux (24.7± 1.4 ,mol / min * kg FFM; P = NS vs. controls).
Glucose oxidation (Table III) . The rate of plasma glucose oxidation was determined from the rate ofappearance of 14CO2 in expired air during the last 60 min of each study, when a steady-state condition existed for both carbon dioxide and plasma glucose specific activities (Fig. 1) . In control subjects studied under conditions ofeuglycemia and moderate hyperinsulinemia, plasma glucose oxidation was 19.5±0.8 ,mol/ min * kg FFM (Table III) . When NIDDM patients were evaluated under comparable conditions (study 1), plasma glucose oxidation was significantly impaired (8.4±1.0 ,mol/min . kg FFM; P < 0.001 ). When hyperglycemia was employed to normalize total body glucose utilization in NIDDM patients, plasma glucose oxidation increased to 13.5±0.7 ,umol/minkg FFM (P < 0.05). Nevertheless, this figure remained significantly lower than in control individuals (P < 0.01). When hyperinsulinemia (study 3) was used to normalize the rates of total body glucose uptake and glycolysis, the rate of plasma glucose oxidation increased significantly to 16.7±0.6 ,mol/ min kg FFM; however, this was still significantly less than observed in the normal group (Table III) .
Gas exchange measurements obtained by indirect calorimetry provide an estimate of total carbohydrate oxidation. In NIDDM subjects, carbohydrate oxidation was significantly lower than in controls ( 10.3±0.9 vs. 21.6±0.9 Mmol/min * kg FFM; P < 0.01 ) when evaluated under conditions of euglycemic hyperinsulinemia. These results obtained with indirect calorimetry are very similar to those obtained from the isotopically determined oxidation of plasma glucose. Carbohydrate oxidation (measured with indirect calorimetry) increased when either hyperglycemia ( 16.4±1.3 Mmol/min * kg FFM) or hyperinsulinemia ( 17.6±1.1 mol/ minkg FFM) were superimposed, but in neither situation did the oxidation rate reach values similar to those observed in the control group (both P < 0.05). Again, these results are similar to those obtained from oxidation of plasma glucose.
Nonoxidative glycolysis (Table III) . The difference between the rate ofplasma glucose through the glycolytic flux and of total glycolysis. In NIDDM patients studied at comparable levels of hyperinsulinemia and euglycemia (study 1), the rate of non-oxidative glycolysis was increased approximately threefold (5.5±2.1 gmol/min * kg FFM; P < 0.05). In these patients nonoxidative glycolysis accounted for 39±8% of total glycolysis (P < 0.02 vs. controls). When the rate of plasma glucose utilization in NIDDM subjects was normalized by increasing the plasma glucose concentration, the absolute rate of nonoxidative glycolysis (6.2±1.8 ,umol/min * kg FEM), as well as the percent of contribution of nonoxidative glycolysis to total glycolysis (32±7%), remained unchanged from values observed in the same NIDDM patients during study 1. When hyperinsulinemia was superimposed on euglycemia to normalize total body glucose uptake, there was a further increase in nonoxidative glycolysis (8.0±1.3 gmol/min * kg FFM; P < 0.05 vs. controls) and the percent contribution to total glycolysis remained high ( 31±4%).
Glycogen synthesis (Table III) . The difference between total body glucose uptake (measured with tritiated glucose) and total glycolytic flux provides an estimate of the amount of plasma glucose stored in glycogen (24, 25) . Under conditions of euglycemic hyperinsulinemia, glycogen synthesis occurred at a rate of 18.9±5.0 ,mol/minkg FFM in normal subjects vs. 4.8±0.9 ,mol/min * kg FFM (P < 0.05) in NIDDM patients.
When total body glucose utilization was normalized by hyperglycemia (study 2), there was a significant increase in the rate of glycogen synthesis to 20.9±3.0 ,umol/minkg FFM (P < 0.05 vs. basal study). When marked hyperinsulinemia was superimposed on euglycemia to normalize total body glucose uptake (study 3 ), glycogen synthesis ( 15.9±1.3 smol/min * kg FFM) increased to values that were slightly, although not significantly, different from those observed in normal individuals.
Intracellular distribution of insulin-mediated glucose uptake (Tables IV-VI and Fig. 2 ). The absolute rates of glucose utilization include the flux through both insulin-mediated and non-insulin-mediated pathways. The later primarily repre- The rate of non-insulin-mediated glucose disposal (6.7 'mol/min/kg FFM) has been subtracted from the rates of the total body glucose disposal and glycolysis to obtain insulin-mediated flux rates. Because no glycogen synthesis is assumed to occur in non-insulin-dependent tissues (brain) nothing was subtracted from the rate of total body glycogen deposition. * P < 0.05; t P < 0.01 vs. control subjects. All data are expressed as percentage of insulin-mediated glucose disposal (see Table IV ). sents brain glucose uptake and subsequent oxidation to carbon dioxide and water (31, 32). To estimate the metabolic component of glucose uptake which is insulin-mediated, an average value of 6.7 gmol/min-kg FFM (31, 32) for brain glucose oxidation was subtracted from the rate of total body glucose utilization, as well as from the rates of glycolysis and glucose oxidation. When the data are expressed as a percentage of the rate of total insulin-mediated glucose disposal (Tables IV and  VI) , it is apparent that in NIDDM patients the percentage of total glucose flux entering the two main pathways ofintracellular glucose metabolism, i.e., glycogen synthesis and glycolysis, is similar to control subjects. Under all the experimental conditions reported in the present paper each of the two pathways accounted for -50% ofthe total insulin-mediated glucose uptake (Table V) . A similar analysis ofthe two main branches of the glycolytic pathway, i.e., glucose oxidation and nonoxidative glycolysis (Table VI and Fig. 2 ), revealed an entirely different picture. In all three clamp studies performed in NIDDM patients, a major unbalance was observed with a disproportionately greater flux into the nonoxidative pathway and a reduced flux into the Krebs cycle, i.e., oxidation, as compared to normal subjects (Table VI, Lipid oxidation (Table III) . Gas exchange measurements during each experimental protocol were used to calculate the rate oflipid oxidation. In NIDDM subjects during the euglycemic hyperinsulinemic clamp, lipid oxidation (3.6±0.3 gmol/ min * kg FFM; P < 0.001 ) was threefold higher than in control individuals ( 1.1±0.4 Atmol/min -kg FFM). Normalization of glucose disposal by hyperglycemia (study 2) was associated with a decline in lipid oxidation to 2.5±0.5 ,umol/min kg FFM; however, this value was still higher than that in the control group (P < 0.01 ). Lipid oxidation was completely returned to normal (0.9±0.2 ,umol/min * kg FFM) only in the presence of marked hyperinsulinemia (study 3). When the relationship between lipid oxidation and parameters ofglucose metabolism were analyzed in the whole study population, negative correlations were apparent with respect to total body glycolysis (r = 0.65) and glucose oxidation (r = 0.75; both P < 0.01; Fig. 3 ). No correlation between lipid oxidation and glycogen synthesis was observed.
Plasma FFA and lactate concentration (Table II) . During the postabsorptive state, the plasma FFA (0.83±0.06 vs. 0.62±0.07 mM; P < 0.05) and plasma lactate (1.31±0.12 vs. 0.79±0.07 mM; P < 0.01) concentrations were significantly increased in NIDDM vs. control subjects (Table II) . The mean plasma lactate and FFA concentrations during the last hour of each experimental condition are shown in Table II . In response to euglycemic hyperinsulinemia, plasma FFA declined both in control and NIDDM patients. However, plasma FFA suppression was significantly less in NIDDM vs. controls (P < 0.02). A further suppression of plasma FFA level was observed after marked increases in both steady-state plasma glucose (study 2) or insulin (study 3) concentrations. Nevertheless, the average plasma FFA levels remained slightly higher in the NIDDM patients than in control individuals (P < 0.05). No significant changes in plasma lactate concentration occurred during the 20-mU/m2. min insulin clamp study in either control or NIDDM subjects and the plasma lactate concentration remained significantly elevated in the latter group (P < 0.01). There was a slight decline in the plasma lactate concentration in NIDDM subjects during study 2 (hyperglycemia) and study 3 (marked hyperinsulinemia), but the levels still remained greater than those in control subjects.
Discussion
When NIDDM and control subjects were studied at similar plasma insulin and glucose concentrations, whole-body glucose uptake was reduced by 54%. The results obtained from our laboratory (11 ) and others ( 10, 14) , which have employed the insulin clamp with indirect calorimetry, have shown a reduction in both oxidative and nonoxidative glucose metabolism. Nonoxidative glucose metabolism has been used as an index of glycogen synthesis (12, 13) . However, nonoxidative glucose metabolism actually is composed of glucose which is glycolyzed but not oxidized, i.e., nonoxidative glycolysis, as well as glycogen synthesis (33) . Therefore, direct measurement of the glycolytic flux allows a more reliable determination of the amount of glucose which is directed toward glycogen synthesis. In the present study, glycogen deposition in NIDDM was reduced by 75%, a figure that is in agreement with data obtained with indirect calorimetry (11, 33) and nuclear mag- netic resonance spectroscopy (34) and is consistent with the documented reduction in glycogen synthase activity reported in NIDDM patients (35, 36) . Our results also demonstrate that the rates of total glycolytic flux and glucose oxidation were significantly reduced in the diabetic group by 36% and 57%, respectively. The simultaneous assessment of total glycolysis and glucose oxidation allows the calculation of nonoxidative glycolysis, which was significantly increased in NIDDM patients (Table III) . Consistent with this observation, the plasma lactate concentration also was significantly higher in NIDDM patients than in control individuals (Table II ). An overall picture ofthe disposition of plasma glucose that is taken up by cells under conditions ofeuglycemia and physiologic hyperinsulinemia indicates that, from the quantitative standpoint, the impairment in glycogen synthesis in NIDDM patients(4.8 vs. 18.9 ,umol/min -kgFFM; A = 14.1 )isapproximately twofold greater than the impairment in total body glycolysis (13.9 vs. 21.6 umol/min kg FEM; A = 7.7). On a percent basis, glycogen synthesis and glycolysis accounted for 47% and 57%, respectively, of total body glucose uptake in control subjects, whereas this ratio was shifted to 26% and 74%, respectively, in NIDDM patients. It is noteworthy that glucose oxidation, while reduced in diabetic patients (8.4 vs. 19.5 ,umol/min * kg FFM), accounted for 52% of total glucose uptake and that this percentage was similar to that observed in control individuals (45%). However, if one examines the contribution of glucose oxidation to total glycolytic flux, a very different picture emerges. In the control group, 90% ofthe glycolytic flux was accounted for by glucose oxidation, whereas in NIDDM patients glucose oxidation represented only 60% of the glycolytic flux (P < 0.05). Conversely, nonoxidative glycolysis was responsible for only 10% of total glycolysis in the control subjects, while in NIDDM patients it accounted for 40%. This important observation concerning differences in the intracellular portioning of glucose between NIDDM and control subjects could not be recognized by previous studies which only employed indirect calorimetry. The disproportionate decrease in glucose oxidation and increase in nonoxidative glycolysis in NIDDM patients which was detected by the dual-isotope technique, suggests the presence of a distal defect in the glycolytic pathway, most likely at the level ofpyruvate dehydrogenase (36, 37) . If an early defect in glycolysis were present, one would expect proportionate decreases in both glucose oxidation and nonoxidative glycolysis.
It should be emphasized that the above calculations are based upon whole-body rates of glucose uptake and assume that all of the glycolytic/oxidative flux during the insulin clamp occurs in insulin-dependent tissues. However, this clearly is not the situation since, in the postabsorptive state, the brain oxidizes glucose at a constant rate of 6.7 gmol/minkg FFM (31, 32) and this basal rate of brain glucose oxidation is not affected by insulin. Therefore, when examining the relative fluxes of insulin-mediated glucose through the oxidative/glycolytic and glycogen synthetic pathways during insulin stimulated conditions, it is appropriate to subtract this fixed insulinindependent rate of glucose oxidation (6.7 gmol/minkg FFM) from the rate of total glucose uptake and glucose oxidation/glycolysis (Tables IV-VI, and Fig. 2 ). When the data are calculated in this manner, the percentage of total plasma glucose uptake that enters the glycogen synthetic pathway in response to the increment in plasma insulin concentration no longer is significantly different between diabetic and control subjects (56% vs. 44%; P = NS). A similar distribution of the glucose flux between glycogen synthesis and glycolysis suggests that the rate limiting step for insulin-mediated plasma glucose utilization, at least under the conditions of moderate hyperinsulinemia and euglycemia, resides at an early step in the cellular mechanism of insulin action, i.e., glucose transport or glucose phosphorylation. This view is consistent with the demonstration of a reduction in glucose transport activity in adipocytes in NIDDM individuals (38) and muscle fibers (39) from NIDDM individuals, and with recent studies that have examined insulin-stimulated glucose transport in the forearm of NIDDM patients (40) .
To gain further insight concerning the alteration in intracellular glucose metabolism, we have examined the intracellular pathways involved in glucose metabolism after total body glucose utilization was matched in NIDDM and normal individuals either by increasing the plasma glucose concentration (to 15 mM) or by markedly increasing the plasma insulin level (to 1,650 pM). When hyperglycemia was used to normalize the rate of total body glucose uptake in NIDDM patients, the intracellular disturbances in glucose metabolism were not normalized. Although the total glycolytic flux increased to a rate which was similar to that observed in control subjects during the euglycemic hyperinsulinemic clamp (study 1), glucose oxidation remained significantly lower than in controls (Table III) while nonoxidative glycolysis remained significantly elevated. These differences are unlikely to be explained by a shift in the contribution ofdifferent tissues to whole-body glucose disposal in response to hyperinsulinemia or hyperglycemia since we (9, 41 ) , as well as others (37, 42) , have shown that muscle represents the primary tissue responsible for the disposal of the majority (> 75-80%) of a glucose load in response to both those physiologic stimuli. Moreover, neither the splanchnic (43) nor the neural tissue (44) are responsive to insulin. Although hyperglycemia per se may augment splanchnic glucose uptake (43) , from the quantitative standpoint this effect is small and under conditions comparable to those employed in the present study, we have shown that an increase in splanchnic glucose uptake can account for no more than 10-15% ofthe total body glucose disposal. This is quite small when viewed in terms of the 50% lower rate of whole-body glucose utilization observed in NIDDM subjects in the present study.
A number of investigators ( 16-18, 37, 45) , including ourselves ( 15) , have demonstrated that hyperglycemia, both in the fasting and insulin-stimulated states, is capable of maintaining a normal rate of total body glucose utilization. The present findings are in agreement with these previous observations, but document that hyperglycemia is not capable ofovercoming the intracellular defect in glucose oxidation. This finding is in agreement with the reported reduction in the activity of pyruvate dehydrogenase in NIDDM subjects (36) . Furthermore, the inability of hyperglycemia to correct the defect in glucose oxidation despite a normalization of total glucose uptake indicates that (a) the impairment in glucose oxidation cannot be explained by a defect in glucose transport, and (b) insulin, and not glucose flux or hyperglycemia, is the main regulator of intracellular glucose oxidation (45) . Consistent with this hypothesis, supraphysiologic hyperinsulinemia (study 3) further enhanced glucose oxidation (Table III) . However, even with supraphysiologic plasma insulin concentrations, glucose oxi-dation did not return completely to normal ( 16.7 vs. 19.5 ,gmol/minkg FFM; P < 0.05). The inability of even marked hyperinsulinemia to totally correct the defect in glucose oxidation can be better appreciated if one examines both the total glycolytic flux and the partitioning ofthis flux between glucose oxidation and nonoxidative glycolysis. The total glycolytic flux in NIDDM patients during the high-dose insulin clamp increased modestly compared to controls (24.7 vs. 21.6 Mmol/ min* kg FFM; Table III ). Despite this higher total glycolytic flux the absolute rate of plasma glucose oxidation in NIDDM patients ( 16.7 vs. 19.5) was lower than in controls (Table III) . A similar conclusion is reached if one calculates the insulinmediated glycolytic and oxidative fluxes (Table VI) . These results are graphically represented in Fig. 2 , which demonstrates that the percentage of total glycolytic flux accounted for by glucose oxidation was markedly reduced in NIDDM vs control subjects (68% vs. 90%, P < 0.01 ). Conversely, the percentage ofthe total glycolytic flux accounted for by nonoxidative glycolysis was increased threefold in NIDDM vs control individuals (32% vs. 10%, P < 0.01). This analysis provides convincing evidence for the presence of an intracellular defect in glucose oxidation, most likely at the level of pyruvate dehydrogenase (PDH). Moreover, this intracellular defect cannot be overcome, even when total glucose flux into the cell is normalized with hyperglycemia or with hyperinsulinemia (Table III and Fig. 2) .
Recently, Kelley and Mandarino (37) have published the results of studies which are similar to those carried out by us reported here. In their study, they reported that insulin infusion, while clamping the plasma glucose concentration of NIDDM patients at their fasting hyperglycemic levels, was sufficient to normalize all aspects ofglucose metabolism and muscle PDH activity. These results may, at first glance, appear contradictory to the present ones. However, there are two notable differences between the study design employed by Kelley and Mandarino (37) vs. ours. First, they examined leg, rather than whole-body glucose disposal. Second, the absolute rates of whole-body (330 vs. 234 mg/m2. min, P < 0.06) and leg glucose utilization (8.06 vs. 5.64 ,umol/min. 100 ml leg tissue, P = 0.06) in the NIDDM patients studied by Kelley and Mandarino (37) were 30% higher than in controls. Thus, they have more than normalized total leg glucose uptake in NIDDM group. If one recalculates their data by reducing the total leg glucose uptake by 30% in their diabetic patients (i.e., to actually match the rate of leg glucose uptake with the controls) and ifone assumes a similar and parallel 30% reduction in all ofthe intracellular pathways ofglucose metabolism, their results demonstrate a reduced rate of leg glucose oxidation ( 1.74 vs. 2.18 ,umol/min per 100 ml of leg tissue) and an increased rate of glycogen storage (3.53 vs. 2.83 imol/min per 100 ml of leg tissue) in NIDDM vs. control subjects. Lastly, the plasma insulin concentration (468 pM) in their study was 70% higher than in the present study. This greater degree of hyperinsulinemia, in combination with a greatly increased substrate flux in NIDDM compared to control subjects, may well have overcome the defect in PDH activity.
During study 1, when modest hyperinsulinemia was created in the presence of euglycemia, the suppression of plasma FFA concentration (Table II) and lipid oxidation (Table III) was impaired. The reduced suppression of plasma FFA could not be overcome by supraphysiologic insulin concentrations, while lipid oxidation was restored to normal. These results are consistent with those recently published by us (46) . In that study we demonstrated that plasma FFA oxidation is primarily determined by the plasma FFA concentration, whereas intracellular lipid oxidation is primarily determined by the plasma insulin level (46) . Thus, it is not surprising that hyperglycemia, while lowering the plasma FFA concentration to near normal levels, had little effect on lipid oxidation (Table III ). In contrast, hyperinsulinemia, not only caused a major reduction in the plasma levels of FFA, but also completely normalized the rate oflipid oxidation. This may also suggest that under physiologic conditions of euglycemic hyperinsulinemia (study 1), part of the block at the PDH level in NIDDM patients may be explained by increased rate of FFA/lipid oxidation (47) . This is consistent with the inverse relationship between lipid oxidation and both total glycolysis and glucose oxidation (Fig. 3) . When the plasma FFA concentration and lipid oxidation were suppressed by insulin, relief of the inhibition of PDH could explain, in part, the increase in glucose oxidation.
The presence of an intracellular defect in glucose oxidation in NIDDM patients has previously been suggested by Thorburn et al. (48) . After normalization of whole-body glucose disposal in NIDDM with insulin and hyperglycemia, they demonstrated a persistent defect in glucose oxidation and an inappropriate stimulation of nonoxidative glycolysis, although glycogen synthesis returned to a value that was not significantly different from controls. In the present study we have confirmed their results and provided stronger support for their finding by employing more sophisticated methodology. The conclusions of Thorburn et al. (48) relied heavily upon the increase in plasma lactate concentration to provide a measure ofincreased non-oxidative glycolysis in muscle. However, as shown by Kelley and Mardarino (37) , even under conditions of hyperglycemia, no significant amount of lactate is released by muscle, indicating that tissue(s) other than muscle or different mechanisms (i.e., reduced lactate utilization) are responsible for the increase in plasma lactate concentration. Moreover, we are unaware of any data that demonstrate that changes in plasma lactate concentration reflect changes in lactate turnover either at the whole body level or in muscle. Even ifsuch a relationship were to exist, it is unknown whether stimulation of glucose metabolism with hyperglycemia and hyperinsulinemia has similar effects on this relationship and whether this relationship is altered by the diabetic state. For all of these reasons it is difficult to equate changes in plasma lactate concentration with changes in lactate turnover. On the contrary, the radioisotopic methodology employed in the present study allows a direct assessment ofthe components ofnonoxidative glucose metabolism, namely nonoxidative glycolysis. Therefore, what was extrapolated from data by Thoburn et al. (48) now has been directly measured in our study. The two studies together strongly support the hypothesis that, in NIDDM, intracellular defects distal to glucose transport are also present and that this defect primarily involves a decrease in glucose oxidation and a parallel increase in non-oxidative glycolysis.
Both the conclusions of Thorburn et al. (48) and our own are at variance with those of Butler et al. (49) . These authors calculated the oxidation rate of intracellularly derived glucose as the difference between total (i.e., plasma plus intracellular glucose as measured by indirect calorimetry) and plasma glucose (derived from '4CO2 generation from plasma [14C]-glucose) in NIDDM patients and control individuals under condition of moderate and supraphysiologic hyperinsulinemia. Since no difference was found in the rate of oxidation of intracellularly derived glucose between control and NIDDM patients, they argued that the mitochondrial oxidative pathway was normally responsive to insulin in NMDDM patients and, therefore, a more proximal defect such as glucose transport and/or phosphorylation was responsible of the decrease in plasma glucose oxidation. According to their interpretation whenever the proximal defect is bypassed and intracellular glucose oxidation is negligible, plasma glucose oxidation should be similar to that observed in control subjects, a hypothesis that was not directly tested by Butler et al. (49) and that is not supported by our results.
Finally, some considerations concerning the suppression of HGP are warranted. During study 1 in NIDDM patients, when euglycemia was maintained in the face ofmoderate physiologic hyperinsulinemia, HGP remained significantly higher than in control individuals (Table III) , indicating resistance to the suppressive action of insulin (4, 50) . When hyperglycemia ( -16 mM) was superimposed upon modest hyperinsulinemia (study 2), suppression of HGP was still impaired compared to controls and did not differ from that in study 1. It should pointed out that in normal subjects the presence of a similar degree of combined hyperglycemia and hyperinsulinemia causes a complete shut-off of HGP ( 11) . These observations may have important clinical relevance since they suggest that even under the extreme conditions of hyperglycemia and hyperinsulinemia, i.e., after the ingestion ofa meal, the liver contributes significantly to the maintenance of impaired glucose intolerance (51, 52) .
In summary, our data provide evidence that in NIDDM patients with moderately severe fasting hyperglycemia, a defect in the intracellular metabolic fate ofplasma glucose, i.e., specifically in the partitioning of glycolytic flux between glucose oxidation and nonoxidative glycolysis is present, and that this defect cannot be explained by an alteration in plasma glucose uptake. The observation that the rates ofinsulin-mediated glycolytic flux are proportionately reduced is consistent with an early defect in glucose metabolism, i.e., transport or phosphorylation, but does not exclude primary, parallel and quantitatively similar intracellular defects in both the glycogen synthetic and glycolytic pathways of poorly controlled NIDDM patients. It is, however, important to emphasize that without quantitative information concerning intracellular substrate concentrations, our results cannot identify the rate limiting step(s) for insulin-mediated glucose metabolism either in control or in NIDDM individuals. Finally, our results do not exclude a major defect in the glycogen synthetic pathway, which has been claimed to play a main role in the insulin resistance of NIDDM patients (35, 50, 51, 53, 54) . It should be recalled that (a) a significant difference in glycogen deposition was fully apparent in NIDDM patients studied at plasma insulin and glucose concentrations similar to control subjects, and (b) the rate of glycogen deposition in NIDDM patients could be normalized only at the expense of marked hyperglycemia or hyperinsulinemia. In summary our findings clearly point out that in well-established NIDDM there are alterations in glucose metabolism that go far behind the reduction in insulin-stimulated glucose transport, and indicate that even the compensatory role of the mass action effect of hyperglycemia to ensure a "normal" rate of total body glucose utilization is associated with profound disturbances in the intracellular fate ofglucose.
